Neural oscillations are ubiquitously observed in cortical activity, and are widely believed to be crucial for mediating transmission of information across the cortex. Yet, the neural phenomena contributing to each oscillation band, and their effect on information coding and transmission, are largely unknown. Here, we investigated whether individual frequency bands specifically reflect changes in the concentrations of dopamine, an important neuromodulator, and how dopamine affects oscillatory information processing. We recorded the local field potential (LFP) at different depths of primary visual cortex (V1) in anesthetized monkeys (Macaca mulatta) during spontaneous activity and during visual stimulation with Hollywood movie clips while pharmacologically mimicking dopaminergic neuromodulation by systemic injection of L-DOPA (a metabolic precursor of dopamine). We found that dopaminergic neuromodulation had marked effects on both spontaneous and movie-evoked neural activity. During spontaneous activity, dopaminergic neuromodulation increased the power of the LFP specifically in the [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] band, suggesting that the power of endogenous visual cortex oscillations in this band can be used as a robust marker of dopaminergic neuromodulation. Moreover, dopamine increased visual information encoding over all frequencies during movie stimulation. The information increase due to dopamine was prominent in the supragranular layers of cortex that project to higher cortical areas and in the gamma [50-100 Hz] band that has been previously implicated in mediating feedforward information transfer. These results thus individuate new neural mechanisms by which dopamine may promote the readout of relevant sensory information by strengthening the transmission of information from primary to higher areas.
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In Brief
Zaldivar et al. investigated how dopamine modulates oscillatory cortical activity. They found that endogenous oscillations in the mid-range [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] band capture dopamine changes and that dopamine enhances the visual information carried by the gamma band in the output cortical layers.
SUMMARY
Neural oscillations are ubiquitously observed in cortical activity, and are widely believed to be crucial for mediating transmission of information across the cortex. Yet, the neural phenomena contributing to each oscillation band, and their effect on information coding and transmission, are largely unknown. Here, we investigated whether individual frequency bands specifically reflect changes in the concentrations of dopamine, an important neuromodulator, and how dopamine affects oscillatory information processing. We recorded the local field potential (LFP) at different depths of primary visual cortex (V1) in anesthetized monkeys (Macaca mulatta) during spontaneous activity and during visual stimulation with Hollywood movie clips while pharmacologically mimicking dopaminergic neuromodulation by systemic injection of L-DOPA (a metabolic precursor of dopamine). We found that dopaminergic neuromodulation had marked effects on both spontaneous and movie-evoked neural activity. During spontaneous activity, dopaminergic neuromodulation increased the power of the LFP specifically in the [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] band, suggesting that the power of endogenous visual cortex oscillations in this band can be used as a robust marker of dopaminergic neuromodulation. Moreover, dopamine increased visual information encoding over all frequencies during movie stimulation. The information increase due to dopamine was prominent in the supragranular layers of cortex that project to higher cortical areas and in the gamma band that has been previously implicated in mediating feedforward information transfer. These results thus individuate new neural mechanisms by which dopamine may promote the readout of relevant sensory information by strengthening the transmission of information from primary to higher areas.
INTRODUCTION
An animal's response to sensory stimuli depends not only on the stimulus but also on the animal's cognitive state. These cognitive states are influenced by diverse neuromodulators that change brain states and enable circuits of neurons to modulate how they encode and process information, when the behavioral context or the stimulus processing or cognitive demands vary [1, 2] . Documenting the effects of neuromodulators on neural information processing is thus essential to understand the neural bases of adaptive computations. Furthermore, identifying signatures of neuromodulation-induced changes in neural activity is key to revealing the potential causes of cognitive deficits and of pathophysiology of brain disorders [3] .
A prominent and robustly observed feature of cortical activity is the presence of oscillations spanning several octaves of frequency [4, 5] . Oscillations have been implicated in several flexible brain computations, including sensory coding [6] [7] [8] [9] and dynamical modulation of information transmission along feedforward, lateral, and feedback pathways [8, 10, 11] . Moreover, oscillations have been used widely to investigate brain activity during cognitive tasks that likely engage neuromodulation or in brain pathologies potentially related to neuromodulation dysfunction [2, 12] . Thus, understanding how different frequency bands capture changes in neuromodulators and their effect in dynamically regulating information processing is paramount.
To shed light on these issues, here, we experimentally investigated the role of dopamine (DA), a major neuromodulator, in shaping oscillatory visual information processing. We used laminar probes to simultaneously record local field potentials (LFPs), a signal suited to capture mesoscopic oscillatory activity, at different depths of V1. We investigated the effects of systemically injected L-DOPA (a metabolic precursor of DA) in anesthetized monkeys during both spontaneous activity and during presentations of naturalistic movies. We focused on the effects of systemic application of DA on visual cortex for multiple reasons. First, it has been shown that systemic injection of L-DOPA benefits early visual processing in Parkinson's disease patients [13] and treats effectively amblyopia [14, 15] . This suggests that, even if V1 lacks DA receptors [16, 17] , systemic injection of DA may modulate early visual cortical function [18] , for example, through top-down cortico-cortical interactions [18] [19] [20] [21] [22] . Second, in our previous studies, we individuated in V1 LFPs an oscillatory band, with a frequency [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] slow enough to be possibly mediated by longer range interactions, that exhibited the statistical signatures of a band driven by neuromodulation [6] , and we casually determined its origin by pharmacological intervention.
RESULTS
We simultaneously recorded the LFP from the different laminae of area V1 of anesthetized macaque monkeys using laminar, vertically inserted, linear probes with 16 contacts spaced 150 mm apart (Figure 1 ). We recorded a total of 15 experimental sessions in 4 different animals (STAR Methods). One or two pharmacological injections were acquired each day. After each experiment, monkeys were rested for 15 days.
To determine the cortical depth and layer of each electrode, we used the current source density (CSD) extracted from the laminar LFP ( Figures 1C and S2A ). The CSD estimates the net current density entering or leaving the extracellular medium [10, 23] . The CSD pattern was used to assign electrode sites to either supragranular (SG), granular (G), or infragranular (IG) layers. We used each session's trial-averaged CSD ( Figure 1C shows the average over sessions), computed after the onset of the movie, to identify the border between G and IG layers (bottom end of the sink at 40-60 ms after movie onset; STAR Methods). The G/IG border was identified [24] [25] [26] [27] Figures 1D and S2B). The cortical boundaries and the location of the SG/G boundary were determined using the average thickness of cortical layers in macaque V1 [28] [29] [30] .
To investigate both endogenous and stimulus-driven processes, our stimulus protocol consisted of a block paradigm alternating Hollywood movie clips (20 s) with 20 s isoluminant gray screen periods before and after each clip ( Figure 1A , top panel). Such movies contain a wide range of naturalistic variations of visual features (movie temporal spectra are shown in Figure 2C ) and thus elicit a rich spectrum of LFP activity, likely capturing several distinct neural processes [6, 31, 32] . Using techniques developed in our previous work [18, 33] , we mimicked an increase of dopaminergic (DAergic) neuromodulation by systemic injection (injection period of 12 min, corresponding to 12 visual stimulation blocks) of L-DOPA and carbidopa (2.1 mg/kg and 0.5 mg/kg, respectively [34] ). This pharmacological approach is widely used for the treatment of Parkinson's disease patients, and it has also been shown to be effective in treating amblyopia [14] . L-DOPA metabolizes to DA once it crosses the blood-brain barrier. Carbidopa prevents the breakdown of L-DOPA in the periphery, thereby increasing the amount of L-DOPA crossing the blood-brain barrier. Systemic L-DOPA injections are known to modulate V1 activity, unlike its local application, suggesting that DA modulates V1 indirectly, possibly through cortico-cortical pathways [18] .
Visually Driven and Spontaneous Oscillatory Activity in V1 before Dopamine Injection As a preliminary step, we identified the LFP frequency bands that are most relevant for visual coding before DA injection without specificity to the laminar location. These were then selected for further investigation. Figure 2A shows the LFP power spectrum averaged over all electrode sites and sessions (Figures S1A and S1B show spectra for individual sessions). These spectra were similar to those previously observed under similar anesthesia [6] . Oscillatory activity had significant power (p = 0.0012; t test) over the entire frequency range ([1-150 Hz]) for both spontaneous and stimulus-evoked activity. The power of movie-evoked activity increased over that of spontaneous activity throughout the spectrum (Figure 2A) . Consistent with previous studies [6, 35, 36] , the larger movie-evoked power increase occurred in the gamma (g; [50- To quantify the visual coding capacity of each frequency, we computed the mutual information [37] that the LFP power at each frequency conveys about the section of the movie being presented (STAR Methods). This measure, in units of bits, captures the information about all possible visual attributes occurring in the movies and does not depend on assumptions about which features in the movie are encoded by the power [6, 38] . Results, averaged over all electrodes in all sessions, are shown in Figure 2B . In agreement with earlier data recorded in V1 under the same anesthesia but with electrodes that lacked laminar resolution [6, 31] , we found two informative bands in the LFP spectrum: a low-LFP-frequency range (up to 15 Hz, covering the delta Figure 2B ). Previous work [6] as well as our further analyses (see below) showed that low-and high-frequency LFP bands carry independent information about the movie and are thus genuinely different bands.
Despite their relatively high power, LFP frequencies in the midfrequency range ( [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] ) conveyed much less information about the movie ( Figure 2B ) and were not reliably stimulus modulated ( Figure S3 ). This result was consistent with previous studies in monkeys [5, 6] and humans [39] . Given that the power of frequencies in this band is high but carries low visual information and given the strong correlations within this mid-frequency region (see [6] and later sections), we previously suggested that this band may capture the fluctuations of sources of stimulusunrelated neuromodulation. We therefore termed this band ''neuromodulation band'' (nMOD; see [6, 31] [29, 40, 41] , we quantified the effect of DAergic neuromodulation separately on the LFP spectrum recorded in each of three laminar compartments (SG, G, and IG).
We observed profound changes in V1 LFP power during injection of L-DOPA compared to before the injection (Figure 3 ), which depended on cortical depth and frequency and differed between movie-evoked and spontaneous activity. We quantified the changes in power after L-DOPA injection by normalizing the power of each LFP band so that its value, averaged across trials and time points in the 12-min period preceding the injection, was set to 1. We then considered the power changes induced by injection of L-DOPA during movie stimulation ( Figures 3D-3F ). There was a significant increase in nMOD movie-evoked power in SG (p = 0.028; paired t test), and IG layers (p = 0.033; paired t test), but not in the G layers (p = 0.058; paired t test). However, and in sharp contrast to spontaneous activity, the movie-evoked g power in all cortical layers significantly increased during the injection (SG: p = 0.024; IG: p = 0.031; G: p = 0.032; paired t test; Figures 3D-3F, bottom panel).
In the post-injection recovery phase, all bands returned to baseline both during spontaneous and movie-evoked activity; however, the return to baseline appeared slower in the nMOD and a bands ( Figures 3C and 3F ), suggesting that systemic injection of L-DOPA has a particularly prolonged effect on these bands.
In summary, these results suggest that DA elicits LFP power changes in V1 that were not only strongly frequency-and layer-specific but also profoundly differed depending on whether or not the V1 network was processing a visual stimulus. This highlights the strong dependence of the effect of DA neuromodulation on the operational state of the network.
Layer-and Frequency-Specific Changes in Information Induced by Dopamine
To address directly the effect of DA on the information carried by different frequency oscillations in different laminae, we computed the information carried by the power at each frequency about which movie scene was being presented (Equation 2, STAR Methods) before, during, and after L-DOPA injection ( Figure 4) .
We first considered the laminar profile of the information carried before L-DOPA injection. We found ( Figure 4A ) that the g and high-g bands reached maximal information about the movie in the SG layers. g and high-g bands had much lower information in the G layers and IG layers. The a band showed a less pronounced laminar dependence than g and high-g. The nMOD power carried little information about the movie across all layers, with little laminar dependence. These results were confirmed by the individual Fourier coefficient analysis, which showed high information in the SG for all individual frequencies in the high-frequency range ( , covering g and high-g ranges; Figure 4B , ''Before''). In addition, the information in all individual frequencies below 50 Hz was lower and less layer dependent than the information in the frequencies above 50 Hz. Moreover, the information in all the frequencies within the nMOD range was low in all layers, thereby confirming the results of the analysis of discrete frequency bands ( Figure 4A ).
We then tested the effect of L-DOPA injection on the frequency-and layer-specific distribution of information ( Figure 4A ). We found that, during L-DOPA injection, there was an increase in information about the movie across a wide spectrum of frequencies and cortical depths. This increase was particularly pronounced in the SG layers, where it was significant for all bands and especially noticeable for the g and nMOD bands (values before and after L-DOPA injection: g: 0.24 ± 0.021 versus 0.34 ± 0.02 bits, p = 0.031; high-g: 0.23 ± 0.015 bits versus 0.32 ± 0.021 bits, p = 0.021; a: 0.14 ± 0.018 versus 0.22 ± 0.021 bits, p = 0.013; nMOD: 0.04 ± 0.03 versus 0.15 ± 0.02, p = 0.039; all paired t tests). In the G layers, the increase in information during L-DOPA injection was significant for the a band (p = 0.031). In the IG layers, the increase in movie information after L-DOPA injection was significant for nMOD (0.10 ± 0.03 bits; p = 0.043) and g and high-g (0.30 ± 0.04 bits, p = 0.045; 0.23 ± 0.02 bits, p = 0.037, respectively; see Figure 4 ).
The DA-induced effects on the selected frequency bands and cortical layers were also confirmed when considering individual Fourier coefficients and electrode locations ( Figure 4B , ''Before'' versus ''During'' periods). We also observed that the information about the movie remained high following the end of the injections ( Figure 4B , ''After'' period). In particular, we observed that the information in the g and high-g bands remained high compared to the pre-injection period in the SG and IG layers. However, in the G layers, we observed higher, longer lasting information in the post-injection period only for the a band.
Importantly, both information and power provided different perspectives to the data. This is demonstrated in Supplemental Information (Figures S1D-S1F ), where we report that power and information correlate only within specific frequency bands and that changes in power with L-DOPA injection do not correlate with the changes in information.
Dopamine-Induced Changes in LFP Oscillation Variability
The amount of information about the movie carried by the LFP power depends on both the signal (that is, how strongly the trial-averaged LFP response changes across different movie scenes) and the noise (that is, how strong is the variability in the LFP power fluctuations to repeated presentations of the same movie scene; Equation 3, STAR Methods). The changes in information caused by the injection of L-DOPA may thus be attributable to a higher signal, to lower noise, or both. We address this question by quantifying, independently for each frequency, the changes in the signal and noise after L-DOPA Figure 5 ).
We first considered the distribution of signal and noise across layers before L-DOPA injection ( Figure 5A ). In agreement with a previous study that did not record layer-specific changes [6] , we found that, on average, across layers, the g and high-g band contained more information because they had both a high signalCV and low noiseCV. More specifically, the g band had the highest signalCV (peaking at 0.31 ± 0.04 at 99 ± 4 Hz) and the lowest noiseCV (dipping at 0.64 ± 0.05 at 55 Hz). Frequencies in the nMOD band had the lowest signal (0.09 ± 0.01) and a particularly high noiseCV (0.88 ± 0.02), which explains why little information was seen in this band. These patterns were also noticeable in the visual inspection of individual traces of these bands ( Figure S3 ).
Given that our results indicate that information is not uniformly distributed across layers ( Figure 4B ), we quantified whether such pre-injection laminar information profiles can be ascribed to differences in the signal or noise from the different layers. We computed the signal and noise variability from each cortical layer before L-DOPA injection ( Figure 5B ). We found that LFPs in SG layers tended to have more signal than other layers across a wide frequency spectrum (covering the a band, p = 0.035, but especially prominent in g and high-g bands, p = 0.031 and p = 0.035) and less noise specifically in the g and high-g bands ( Figure 5B ; p = 0.038 and p = 0.042).
We then considered how DA affected the noise and signal across cortical layers and frequency bands ( Figure 5C ) by considering responses collected during the injection of L-DOPA. Injection of L-DOPA tended to increase signal and decrease noise across a wide range of frequencies in a layerdependent fashion. In particular, we observed a particularly marked effect in SG and IG layers ( Figure 5C ). In the SG layers, the maximal increase of signalCV due to L-DOPA injection was 0.43 ± 0.03 at 105 Hz and maximal decrease of noiseCV was 0.64 ± 0.02 at 75 Hz. More specifically, injection of L-DOPA increased the signalCV over a wide frequency range, including nMOD, g, and high-g bands in SG and IG layers ( Figure 5C ). The injections of L-DOPA also decreased the noise throughout the spectrum in the a, nMOD, g, and high-g bands in SG layers and decreased the noise in the nMOD, g, and high-g bands in IG layers ( Figure 5C ).
In contrast to the DA-induced increase of signal and noise variance in SG and IG layers over a wide range of frequencies, the variance of the signal and noise in the G layers did not change much after injection of L-DOPA, which further supports the idea that information processing in this layer is much less affected by DA. 
Layer-Dependent Changes in the Correlations between LFP Powers at Different Frequencies
Another important question is whether DA changes the relationship between oscillations in different bands [10, 42] . We distinguished between two possible types of correlations between the power in different bands. The first is signal correlation, which quantifies the similarity of stimulus preferences between the power at different frequencies and is defined as the Pearson correlation between the trial-averaged power at the two frequencies in response to each movie scene [6, 42, 43] . The second is noise correlation, which quantifies the correlation in neural activity not due to stimulus covariation, and is defined here as the Pearson correlation between the trial-to-trial fluctuations around their across-trial average of power at the two frequencies for each movie scene [6, 42, 43] . Figure 6 shows the average signal correlation over the entire dataset for different frequencies and cortical depths, before and during L-DOPA injection, for individual frequencies ( Figure 6A ) and band-limited data ( Figure 6B ). Before the injection, the signal correlation was highest in the g band and was also high in the high-g and a bands. Signal correlations were much smaller for the nMOD band. Signal correlations across bands were smaller than those within the same band ( Figures  6A and 6B) . The most prominent effect of L-DOPA injection was to greatly increase the signal correlations (and thus the similarity of stimulus preferences of the response at different frequencies) in the g and high-g range. In the g band, the increase due to DA was pronounced and significant (p < 0.05; paired t test) in each layer ( Figure 6B ). The g band signal correlation after DA injection was higher in SG and IG than the signal correlation before and during L-DOPA injection (p < 0.05 in all layers). An increase in within-band signal correlation during injection was also found for the a band, particularly for the SG (p = 0.032) and IG (p = 0.035) layers, but not in the nMOD band.
We also observed that changes in DA increased the signal correlations between different bands. The pairwise correlations between frequencies in the a and nMOD bands increased in both the SG and the G layers during injection (p = 0.03). In addition, the correlations between a and g increased (p = 0.03) in all layers.
In summary, as well as increasing the amount of information over a wide range of oscillation frequencies, L-DOPA injection made different frequency ranges respond more similarly to different stimuli, as DA increased signal correlations across frequencies, particularly in the SG and IG layers. One possibility is that the increased similarity of the stimulus tuning of different frequency bands with L-DOPA injection is due to individual frequency bands becoming wider and thus overlapping more. If that were the main reason for a signal correlation increase, we would expect to also observe an increase in noise correlation across frequency bands during L-DOPA injection. However, we found that noise correlation did not change in any band at any depth during injection ( Figure S4 ). Also, correlations among frequencies during spontaneous activity did not change during L-DOPA injection ( Figure S5 ).
DISCUSSION
Neuromodulation gives neural circuits the flexibility to dynamically reconfigure their activity to meet cognitive demands. Here, we investigated how neuromodulation affects the power and information content of oscillatory activity, an aspect of neural activity thought to be central to cortical information processing. By recording neural activity in different cortical layers of V1 in anesthetized monkeys and pharmacologically mimicking DAergic neuromodulation, we demonstrated that the power of mid-frequency endogenous oscillations correlates with the DA levels. Furthermore, we demonstrated that an increase in the level of DA significantly enhances the sensory information content over a wide range of frequencies, but it especially increases the information in the g frequencies in the cortical output layers.
Endogenous Mid-frequency [19-38 Hz] Oscillations as Marker of Dopaminergic Neuromodulation
Tracking changes of neuromodulators over time and in individual trials is important to establish how neuromodulators dynamically regulate cortical computations and shape cognitive functions, such as learning and attention. It is also crucial to understand how dysfunction of neuromodulatory systems may lead to disorder-specific abnormalities of cortical oscillations. Because in many experiments only cortical recordings are available because neuromodulatory nuclei are difficult to record from, it is important to discover statistical markers of changes in neuromodulation in cortical activity. We found that the power of the [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] band was the most accurate statistical marker of the level of DA, because it increased in power when DA was pharmacologically increased, both during spontaneous activity and during visual stimulation. Our statistical analysis also confirmed [6, 31] that this band was only weakly modulated by external stimuli and that all frequencies in this band strongly co-varied according to non-stimulusdriven factors and have weak correlation with the power of other bands. Together, these facts allow us to ascribe changes in this frequency band to changes in an internal state driven by DA. These findings suggest the [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] band can, at least in V1, be rightfully termed a neuromodulatory band and that it can be used to statistically infer that changes in its neural activity reflect changes in DA levels. Importantly, the LFP correlates well with surface electroencephalograms (EEGs) [5] . This suggests that pre-stimulus fluctuations in power in occipital EEGs in the mid-frequency band may be used to track fluctuations of DA.
Our findings fit well with earlier studies suggesting that midfrequency power modulation reflects endogenous, not stimulus-modulated, neural activity [5, 6, [44] [45] [46] [47] [48] [49] , which is associated to maintenance of the current cognitive state. However, a novelty of our study is to show that the power of this band is DA related. Given that other cortical regions have higher concentration of DA receptors than V1, it is thus natural to suggest that [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] power changes over other cortical regions may reflect fluctuations in the concentration of neuromodulators [2, 45, 50] . Further studies are needed to establish how these DA-mediated effects may interact with other neuromodulators, such as acetylcholine, which may have complex, and sometimes opposite, effects on different frequency bands [51] .
Given that V1 lacks DA receptors [16, 17] , one question regards how these power modulations arise in V1 and why do they cover the [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] frequency range. Oscillations in neural systems often arise because of closed loop interactions between factors increasing and decreasing neural activity [52] . The period of the oscillation depends on the number of steps in the loop and on the timescales of each factor [53] . Frequencies in the g range are generated by local loops between excitatory and inhibitory neurons involving only a very small number of synaptic steps [53] ; thus, the slower nMOD oscillations may be generated by feedback loops involving more step and/or slower factors, possibly involving both basal ganglia feeding to visual cortex [54, 55] , or higher order areas of cortex, endowed with DA receptors, feeding back to visual cortex [19, 20, 22] .
A caveat of these results, to be addressed with further studies, is that it is unknown whether the concentrations of DA in the anesthetized condition differ from those of awake animals. To minimize this concern, we chose an anesthesia protocol (see STAR Methods) that targets m opioid receptors with low densities in regions, such as ventral tegmental area, substantia nigra, and frontal regions [56] , more involved with release and reception of DA. Therefore, levels of DA are likely to be only mildly affected by our anesthesia. Indeed, studies comparing awake and anesthetized neurovascular coupling suggest that our anesthesia protocol does not affect much fMRI and neurophysiological responses in visual cortices [18, 57, 58] .
Layer-and Frequency-Dependent Increase of Information due to Dopamine We found that, whereas DA in general increased visual information, these gains were strongly layer and frequency dependent. The most notable effect was that DA markedly increased the information of the g band in the SG and IG layers. Gamma oscillations have been implicated in the dynamic transmission of information along feedforward pathways [8, 59] , and neurons that send feedforward projections to higher cortical areas are located in the SG layers [60] . This suggests that the DA-mediated increase in g information in SG may be a mechanism to increase the efficiency of feedforward propagation of sensory information to higher areas [8, 19, 22] . Enhancing the readout of task-related information is a function often attributed to DA [22, [61] [62] [63] [64] and thought to be mediated by DA increasing the signal-to-noise ratio of sensory representation in frontal areas [19, 22, 65, 66] . Our results, hence, are compatible with the general idea that DA promotes the cortical flow and readout of sensory information and add the new perspective that it may do so by improving the feedforward transmission of early cortical information.
Although DA increased the a band information in the SG and G layers, the a band information showed a laminar pattern of low information values that was only very slightly changed by DA. Recent studies proposed that a mediates top-down information flow [8, 26] . Although the small DA-induced increase in a band information may reflect how DA improves cortico-cortical communication from higher areas to V1 [8, 18, 19] , a caveat of our results is that DA-related changes in a information may be larger in awake subjects performing cognitive tasks requiring top-down information [9, 28, 64] than in our anesthetized data.
Shared Sources of Signals between nMOD and the Other Bands
We found that changes in the levels of DA also increased the signal correlations, i.e., the similarity in the tuning of different frequency bands to different movie scenes. Given that we also found that DA did not change the noise correlations, the effect of an increase in signal correlation is to increase the redundancy of the information carried by each band. We hypothesize that this enhanced redundancy could facilitate the behavioral readout of the visual features. This would fit with theories suggesting that the extraction and amplification of specific sensory features, whose high behavioral relevance has been established by reinforcement learning, is orchestrated in a layer-dependent way by DA [62] .
Conclusions
Our study suggests that dopamine has a profound effect in enhancing and shaping the information content of oscillatory activity in V1. In particular, the DA-mediated layer-dependent increase of information in the g band may be a key mechanism promoting the readout of sensory information and improving behavioral performance. Moreover, we found that endogenous cortical oscillations in the [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] band increase with dopamine, suggesting that these oscillations could be used to track changes elicited by dopamine on cortical activity over time or across trials of cognitive tasks.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Four healthy rhesus macaques (Macaca mulatta), aged 6-12 years and weighing 5-11 kg, participated in this study. We used three females (G11, H09 and G09) and one male (K07). These animals participated in previous studies that combined fMRI, neurophysiology and pharmacology studies [18, 33] . All experimental procedures were performed during the daytime. Animals were socially housed in an enriched environment under daily veterinary care. Weight, food and water intake were monitored on a daily basis in full compliance with the guidelines of the European Community (EUVD 86/609/EEC). All procedures were approved by the Regierungspr€ asidium with the projects KY 4-09 and KY 4-16.
METHOD DETAILS Animal Preparation and Anesthesia
The anesthesia protocol for all the experimental procedures has been described previously [18, 68] . Briefly, before each experiment the monkeys were sedated with intramuscular (IM) injections of glycopyrrolate (0.01 mg$kg -1 ) and ketamine (15 mg$kg -1 ). An intravenous (IV) cannula was placed in the saphenous or posterior tibial vein for administration of liquids, medication and anesthetics. After induction with fentanyl (3 mg$kg -1 ), thiopental (5 mg$kg -1 ) and succinylcholine chloride (3 mg$kg -1 ), animals were tracheally intubated (Rusch, Teleflex, USA) and ventilated using a Servo Ventilator 900C (Siemens, Germany) maintaining an end-tidal CO 2 of 33-35 mm Hg and O 2 saturation above 95%. Balanced anesthesia was maintained with remifentanil (0.5-2 mg$kg -1 min -1 ) and muscle relaxation was achieved with mivacurium chloride (2-6 mg$kg -1 h -1 ) to ensure complete paralysis of the eye muscles. The physiological state of the monkey was kept within normal limits throughout the experiment. Body temperature was maintained at 38-39 C. Lactate Ringer's (Jonosteril, Fresenius Kabi, Germany) with 2.5% glucose was continuously infused at a rate of 10 ml$kg -1.
hr -1 in order to maintain an adequate acid-base balance and intravascular volume, and blood pressure; hydroxyethyl starch (Volulyte, Fresenius Kabi, Germany) was administered as needed. Remifentanil and mivacurium were stopped prior to the emergence of anesthesia, which typically lasted on average between 30 and 40 min after mivacurium was stopped, and without complication. Once spontaneous respiration was assured and an appropriate muscular tone was assessed, the trachea was extubated. Subsequently, the monkeys were taken to their cage were we monitored their behavior. After each experiment, the monkeys were given a resting period of at least 15 days in which monkeys were freely moving in their cage and received daily veterinarian care.
Visual Stimulation
Two drops of 1% ophthalmic solution of anticholinergic cyclopentolate hydrochloride was applied into each eye to achieve cycloplegia and mydriasis. The eyes of the monkeys were kept open with custom-made irrigating-lid speculae to prevent drying of the tissue. The speculea irrigated the eyes with saline from the medial and lateral canthus at an infusion rate of 0.07 ml$min -1 . Refractive errors were measured and hard contact lenses (Wö hlk-Contact-Linsen, Schö nkirchen, Germany) were placed on the monkey's eye to focus on the plane on which stimuli are presented. The visual stimulus was delivered using a PC equipped with two VX113 graphics systems. All image generation was in 24-bit true color, using hardware double buffering to provide smooth animation. The stimulation software was written in C and utilized Microsoft's OpenGL 1.1. The visual stimulus was presented monocularly using an in-house custom-built projector (SVGA fiber optic system with a resolution of 800x600 pixels with a 30 Hz frame rate) which was placed to the eye for which the recording sites had the stronger ocular preference. It is worth noting that, to confirm the results we obtained were not dependent on specific details of the stimulus presentation device used, we repeated the movie presentation experiment (without the DA injection, but using the same anesthesia protocol) in n = 2 monkeys using a CTR monitor (Iiyama MA203DT Vision Master Pro 513, frame rate 118 Hz, placed at eye level, 50 cm in front of the eye) and we found a very similar pattern of LFP power and LFP information as function of frequency as the one presented in this paper (data not shown), suggesting that the results presented here were not too sensitive to the stimulus delivery method and the frame rate.
The eyepieces of the stimulus presentation system were positioned and adjusted using a modified fundus camera (Zeiss RC250; see [69] ). The visual stimulus consisted of high contrast (100%) gamma corrected, fast-moving, colorful movie clips (no soundtrack) from commercially available movies. Stimulus timing was controlled by a Pentium computer (Advantec) running a real-time OS (QNXOttawa, Canada). We induced activity in V1 using a block paradigm consisting: 1) an isoluminant blank screen lasting 20 s; 2) a movie segment lasting 20 s; and 3) an isoluminant blank screen (20 s; spontaneous; Figure 1A ). This block design was repeated 48 times, yielding an experiment with a total duration of 48 minutes ( Figure 1A) . A photodiode attached to a monitor displaying the stimulus presentation was used to ensure accurate control of the timing of stimulus presentation.
Pharmacological Injections
Each experiment (n = 15, 4 animals) consisted of neural recording during which systemic applications of L-DOPA+Carbidopa (L-DOPA) were performed. We used a custom-built pressure operated pump to systemically inject DA (for detailed information, see [33] ). Briefly, our pressure-operated injection-system consisted of two independent single-stage pressure regulators, each connected to a digital closed-loop electro-pneumatic controller (267 mL capacity, TESCOM, Emerson Electric Co., Germany). Both controllers house two pulse-width-modulated solenoid valves which are connected to a PID-based 16-microprocessor and to a computer running custom written MATLAB software which help controlling the pressure and the resulting flow and volume. One of the aforementioned valves measure the desired pressure in the inlet (pressure originally set in the computer; set-point) and the other valve detects the actual pressure in the outlet (feedback point). The signals emitted by the valves are compared every 25 ms and based on the pressure difference between the set-point and the feedback-point, the electro-pneumatic controller opens or closes either of the valves to compensate for the pressure difference. The gas at the desired pressure is distributed to the syringe pump (systemic pharmacology) through the outlet-line. The syringe pump consisted of a self-contained double-acting cylinder made of aluminum (bore size 8 mm and 190 mm height). The double-acting cylinders have two gas ports: one on the top and one on the bottom, and allow the cylinder rod to move in or out depending on the gas entry point.
The flow and volume were continuously monitored by high precision flowmeters (Sensirion, Switzerland). Preconditioning was done with 1.5 mg/kg Carbidopa diluted in 50 mL phosphate-buffered-saline (PBS) and injected at 1.1 ml/min over a period of 12 minutes. The combined L-DOPA+Carbidopa applications used 2.1 mg/kg + 0.5 mg/kg L-DOPA+Carbidopa, diluted in 50 mL PBS and injected at a rate of 1.1 ml/min over 12 min. The PBS solution consisted of NaCl 137 mM, KCl 2.7 mM, Na 2 HPO 4 8.1 mM, KH 2 PO 4 1.76 mM, and had a pH of 7.35. All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany).
Neurophysiology Data Collection
We performed a small skull trepanation (4-5 mm diameter) over the primary visual cortex (V1) based on stereotaxic coordinates. Subsequently, the meninges were carefully dissected layer-wise (1 mm dissection diameter) under a microscope (Zeiss Opmi MDU/S5, Germany). The laminar electrodes (NeuroNexus Technologies, Ann Arbor, USA) were slowly advanced into the cortex under visual and auditory guidance using a manual micromanipulator (Narashige Group, Japan). The final electrode position was determined based on CSD [25] and coherence analysis [24] . The latter measures the similarity in the temporal structure of two signals and quantifies the extent to which they are linearly correlated. This improved our estimation of the boundary between deep and middle layers [24] . As a final check, the location of layer 4 (granular layer) was confirmed by analysis of multi-unit activity (MUA) that identified layers with shortest latency of spiking activity (not shown). Our laminar probes contained 16 contacts on a single shank of 3 mm long and 50 mm thick. The contacts were spaced 150 mm apart, with a recording area of 176 mm 2 each. We used a flattened Ag-wire positioned under the skin as reference [33] . The area around the electrode was filled with a mixture of 0.6% agar dissolved in NaCl 0.9% at pH 7.4 which guaranteed good electrical contact between the ground and the animal. The impedance of the electrode sites was measured before and during the experiments and ranged between 500 and 800 kU.
QUANTIFICATION AND STATISTICAL ANALYSIS

LFP Filtering
The signals were amplified and filtered into a band of 1 Hz to 8 kHz using a multi-channel-processor amplifier system (Alpha-Omega Engineering, Nazareth, Israel) and then digitized at 20.833 kHz with a 16-bit ADC-converter (National Instruments, Austin, TX), ensuring sufficient resolution to capture both LFPs and spiking activity. The LFPs were extracted from the raw recordings by bandpass filtering the signals between 1 and 150 Hz. First, the sampling rate was reduced from the original of 20,835 Hz to 6945 Hz. It was then bandpass filtered and down-sampled in two steps: first to a sampling rate of 1.5 kHz with a fourth order Butterworth filter (500 Hz cutoff), and then to a rate of 500 Hz using a Kaiser window between frequencies of 1 and 150 Hz, with a sharp transition bandwidth (1 Hz). This two-step procedure was more computationally efficient than a single filtering operation to reach the final sampling rate. The sharp second filter was used to avoid aliasing, without requiring a higher sampling rate attributable to a broad filter transition band, which would increase the computational cost of all subsequent operations. To eliminate phase shifts, both forward and backward filtering were used. The power spectral density (PSD) was computed using 250 ms non-overlapping windows using the multitaper method. Normalized PSDs were obtained by dividing the power at each frequency by the average power during the pre-injection movie presentations at that frequency.
Analysis of Spectral Properties of the Movie
To characterize the dynamics of the visual stimuli presented to the animal, we computed the PSD of spatial features in a typical receptive field (RF), as follows: We first converted the full-color RGB movie into luminance using the luminosity function Y = 0:22R + 0:65G + 0:13B. For each of 49 simulated RF locations, spaced in a square grid at 1 degree intervals, we extracted a 224x224 square from the 320x240 pixel movie. The patch was spatially filtered using a two-dimensional, fourth-order Butterworth filter, either low-pass or high-pass (with a cut-off at 0.5 cpd in both cases). Subsequently, we summed the absolute value of the filtered movie signal, within a circular receptive field (2 degrees diameter, a typical size for a V1 multi-unit receptive field) centered at this RF location, providing us with a time series of either coarse (< 0.5 cpd) or fine (> 0.5 cpd) spatial RF image features throughout the entire 20 s of the movie presentation. The temporal PSD of these time series was then derived using Welch's method, using a window duration of 4 s and 75% overlap between consecutive windows. We then reported in Figure 2C the average PSD over all 49 RF locations.
LFP Coherence Analysis
Coherence is a measure of similarity in the temporal structure of two signals that quantifies the extent to which two signals are related to each other. LFP inter-contact coherence was computed based on previous published methods [24] . Briefly, the LFP coherence was computed as magnitude-squared coherence, C xy ðfÞ, using Welch's averaged, modified periodogram method and the equation where denotes the SD across trials at fixed stimulus window.
DATA AND SOFTWARE AVAILABILITY
Analysis-specific code and data are available by request to the Lead Contact.
